T he trough system of Valles Marineris, Mars contains numerous landslides in the large relief exposures (up to 8 km) of basaltic wall rock and soft interior layered deposits (ILDs). Eleven landslides, including eight circular failures, were mapped in the ILDs. Two wall rock landslide complexes and four ILD landslides were modelled using limit-equilibrium slope stability analysis to evaluate the mechanisms of slope failure. Wall rock landslide complexes in the Ophir and Hebes Chasmata required artesian fluid pressures of at least 41% of overburden pressure or ground accelerations of at least 0.19 Mars g for failure. Agreement between modelled and observed failure surface geometries and the difficulty of generating artesian pressures at a regional topographic high indicate that ground shaking from Marsquakes or impacts most likely triggered the modelled wall rock landslides. Triggering mechanisms, such as ground acceleration or fluid pressure, were also necessary for most other landslides in Valles Marineris wall rock. Given minimum rock mass strengths, ILD landslides in the Hebes and East Candor Chasmata did not require triggering mechanisms; thus, landslides in ILDs may be a result of gravitational, fluid, or seismic loading. Keywords: earthquakes, landslides, pore pressure, rock mechanics, slope stability Landslides were first identified in the walls of the equatorial trough system of Valles Marineris, Mars on images returned from the Mariner 9 mission (Sharp 1973) . Subsequently, numerous workers have studied and analyzed landslides in Valles Marineris, but none have conclusively determined whether the slope failures were caused by forces other than gravity, and if so, which of the triggering forces were most significant. Two of the most common triggers of slope failure on Earth, fluid pressure changes and ground shaking (Wieczorek 1996) , are also the most probable triggering mechanisms for landslides in Valles Marineris, Mars. Because landslides are some of the youngest and most pervasive features in the trough system, the involvement of fluids or seismicity in slope failure has important implications for the recent geological history of Mars. This work utilizes landslide mapping and slope stability analyses to evaluate the failure mechanisms of six landslides in central Valles Marineris, where exposures of interior layered deposits (ILDs) and wall rock are thickest and, hence, topographic relief is the greatest. Valles Marineris forms an east-west trending trough system that extends approximately 4000 km across a region just south of the Martian equator (Fig. 1) . Located immediately to the east of the Tharsis volcanic region, the Valles Marineris were formed by a combination of local subsidence and regional normal faulting (Schultz 1998a) . The resulting trough walls display sequences of horizontal or shallow-dipping (McEwen et al. 1999; Fueten et al. 2005a) , basalt flows c.5 to 50 m thick with total exposed thicknesses of up to 8 km ( Fig. 2a ) (McEwen et al. 1999) . Locally, the layered basalt may be interbedded with mafic intrusives (Williams et al. 2003) or sedimentary rocks (Malin & Edgett 2000) .
Simultaneous with or following the opening of Valles Marineris, sequences of layered materials were deposited in the chasmata (canyons), forming mound-and mesalike landforms up to 6 km thick ( Fig. 1) (Komatsu et al. 2004) . Known as the ILDs, the mounds are comprised of light-to intermediate-toned beds ranging from a few metres to a few kilometres thick (Fig. 4a) (Malin & Edgett 2000) ; the beds have subhorizontal to c. 30o utward dipping attitudes depending on location (Lucchitta 2004; Hauber et al. 2005; Fueten et al. 2005b) . Some ILD mounds have subhorizontal, dark-to intermediate-toned, resistant cap rock units with beds a few metres to a few hundred metres thick (Fig. 4a ) (Lucchitta 1999; Malin & Edgett 2000; Komatsu et al. 2004; Hauber et al. 2005) . In contrast to the spur and gully morphology displayed on wall slopes (Fig. 2a) , ILD slopes show mostly fluted morphology (Fig. 4a ) and are often separated from surrounding wall rock by large 'moats' (Fig. 1) .
Hypotheses for the origin of the ILDs include lacustrine (e.g. McCauley 1978; Lucchitta 1982; Nedell et al. 1987; Komatsu et al. 1993; Weitz & Parker 2000; Malin & Edgett 2000 ), eolian (e.g. Peterson 1981 ), and volcanic (e.g. Peterson 1981 Lucchitta 1981; Witbeck et al. (1991) ; Komatsu et al. 1993; Weitz 1999) deposition. Other workers have proposed that the ILDs are subice volcanoes (e.g. Nedell et al. 1987; Croft 1990; Lucchitta et al. 1994 ) similar to those in Iceland (e.g. van Bemmelen & Rutten 1955; Jones 1969; Gudmundsson et al. 1997; Werner & Schmincke 1999) , Antarctica (e.g. Smellie et al. 1993; Skilling 1994 ), Canada (e.g., Mathews 1947 Allen et al. 1982; Hickson et al. 1995) , and Siberia (e.g. Komatsu et al. 2004) ; detailed observations of ILD stratigraphy, structure, and morphology by Chapman & Tanaka (2001) and Komatsu et al. (2004) support a subice or subaqueous volcanic origin for many ILDs. Clearly, a subglacial or lacustrine origin for the ILDs has significant consequences for the spatial and temporal distribution of water in the Valles Marineris region of Mars.
As discussed above, landslides in Valles Marineris may also have important implications concerning water, and as such, have been extensively studied. Lucchitta (1978, 1979, 1987 ) described a few dozen wall rock landslides and postulated the involvement of water and seismic activity in slope failure based on morphologic and mobility evidence. Shaller et al. (1989) and Shaller & Komatsu (1994) compared the morphologies of Valles Marineris wall rock landslides to terrestrial landslides and concluded that some of the slides may have occurred under moist or wet conditions. A fluidized rheology with significant pore pressures achieved the best fit to Ophir Chasma wall rock landslide profiles in dynamic modelling performed by Harrison & Grimm (2003) . In contrast, other workers utilized mobility statistics (McEwen 1989; Soukhovitskaya & Manga 2006) to argue that wall rock landslides behaved as dry materials. Bulmer & Zimmerman (2005) showed that some wall rock landslides may be a result of large-and small-scale gravitational failures spanning millions of years; their work further supported dry emplacement (McEwen 1989) , but also implied the existence of recent ice in Valles Marineris. Qualitative and quantitative morphological evidence led Barnouin-Jha et al. (2005) to conclude that several wall rock landslides flowed by a basal glide mechanism and not as wet debris flows. Quantin et al. tabulated wall rock landslide morphology (2004a) and estimated landslide ages with impact crater statistics (2004b), but the studies were not conclusive with respect to the roles of fluids or seismicity in slope failure.
Through slope stability analysis, Clow & Moore (1988) determined that the walls of Valles Marineris consisted of rock rather than unlithified materials. Schultz (2002) and Caruso (2002) using similar, but more detailed approaches with higher resolution data, found that wall rock strengths are consistent with layered igneous rocks and ILD strengths are consistent with sedimentary or volcaniclastic rocks; furthermore, they gave evidence for seismic triggering of wall rock landslides. Previous studies have identified several flowlike mass wasting features in ILDs and invoked the involvement of fluids in their initiation and emplacement (Lucchitta 1990 (Lucchitta , 1996 (Lucchitta , 2001 Lucchitta & Rosanova 1997; Schultz 1998b; Skilling et al. 2002) , but evidence linking the flows to specific main scarps or source areas remains elusive. This study has identified additional ILD slope failures including circular failures, several of which have been modelled. Our approach follows previous work on a Canadian analogue to the ILDs, where limit equilibrium analyses were used to determine the conditions at the time of failure for large landslides on a subglacial volcano (Neuffer et al. 2006 (Okubo et al. 2004) . Next, the DEM was imported into GridView, which allows for the contouring and profiling of the topographic data. Possible slope failures were identified in GridView and verified by investigation of satellite imagery. From 65 possible landslides identified in the ILDs of central Valles Marineris, 11 landslides were confirmed (Fig. 1) . Eight of the landslides initiated as circular failures as determined by the following criteria:
(i) Hummocky, convex, or lobate deposit (ii) Concave, arcuate main scarp (iii) No continuation of strata from deposit into intact adjacent slopes
Heights, lengths, and slope angles of selected landslides were measured on the DEM and are given in Table 1 . Heights and lengths are defined as the vertical and horizontal distances between the main scarp and landslide toe (Cruden & Varnes 1996) along the 
Slope stability analysis
To evaluate the conditions at the time of landslide initiation in Valles Marineris, six slope failures were back-analyzed in 'Slide 5.0', a two-dimensional (2D) limit equilibrium analysis program produced by Rocscience Inc. Bishop's Simplified Method (Abramson et al. (2002) ) and the Hoek-Brown failure criterion (Hoek et al. 2002) were used to model circular failure and material strengths, respectively. Two circular failure complexes in the Hebes and Ophir Chasmata (Slides 1 and 2) (Fig. 1 , Table 1 ) were chosen to evaluate failure mechanisms in the wall rock of Valles Marineris. Four circular failures in the ILD were selected for slope stability modelling in the Hebes and East Candor Chasmata (Slides 3-6) ( Fig. 1, Table 1 ). Pre-failure slope geometries were estimated by one of two methods: (i) Where multiple failure episodes (Slides 1 and 2) or landslide deposit erosion (Slide 3) were significant, profiles of adjacent intact slopes were imported directly into 'Slide 5.0' (Figs. 2 & 3) . The intact profile used for Slide 2 was truncated at an elevation of 1700 m to account for an ILD bench that underlies the landslide, but not the intact slope (Fig. 3) .
(ii) Where multiple failure episodes or landslide deposit erosion were not significant (Slides 4-6), the original slope profile was estimated by area balancing (a 2D approximation of volume balancing): the areas of the two polygons created by the superposition of an estimated pre-failure profile on the current, failed slope profile were balanced by inspection. The estimated profile mimicked the curvature of adjacent intact slopes.
While the two methods are different in approach, and volume balancing may not always be appropriate (e.g. material entrainment, bulk density changes during emplacement), the models are not overly sensitive to slope geometry: Slide 3 was analysed with initial slope geometries from both methods and the resulting safety factors varied by less than 15%.
The unit weights of slope materials and water were adjusted to account for Martian gravity, which is c. 38% of Earth's gravity. Because rock strengths have not been directly measured on Mars, this study substituted minimum terrestrial rock mass strengths for analogous Martian deposits. The rock engineering and engineering geology literature were searched for the lowest HoekBrown strength parameters for clastic sedimentary, tuff, hyaloclastite (product of subaqueous/subice volcanism), basalt, and mafic intrusive rock masses, which were then used in the models with appropriate candidate lithologies ( Table 2 ). The Hoek-Brown criterion is a nonlinear, semi-empirical rock mass strength criterion that accounts for the fractured nature of rock masses by incorporating rock mass classifications such as the Geological Strength Index (GSI). Due to the lack of published strength data for hyaloclastite, Mohr-Coulomb strength parameters determined by direct shear testing of fracture surfaces in hyaloclastite breccia (Neuffer et al. 2006) were also utilized as minimum rock mass Table 2 ). Minimum terrestrial rock mass strengths should be lower than corresponding Martian strengths due to the reduced influence of water on rock weathering and alteration on Mars. The use of minimum rock mass strengths allowed for the influences of fluid pressure and seismic loading to be reliably evaluated, as cases where modelled slopes did not fail under dry, static, minimum strength conditions indicated that an additional triggering factor was necessary for landslide initiation. Thus, the calculated fluid pressures or seismic loads are the minimum values needed to cause slope failure. However, because minimum rock mass strengths were used, seismic loading or fluid pressure cannot be ruled out for slopes that did not require an additional triggering mechanism for failure, as the Martian rock masses are most likely stronger than those used in the models. The disturbance factor (Hoek et al. 2002) was varied from 0 (undisturbed) to 1 (disturbed), as rock masses in Valles Marineris may be disturbed by impacts or exhumation. Fluid pressure in the slopes was assumed to be hydrostatic, and was simulated by back-analysis for the r u coefficient (ratio of fluid pressure to overburden pressure) and potentiometric surface location required for failure. For landslides in Valles Marineris, impacts, in addition to faults, must be considered as sources of ground acceleration. Both types of seismic loading were modelled as pseudostatic, horizontal ground accelerations. To determine the ground acceleration at a slope from a given fault rupture, empirical methods were utilized. First, the approximate surface trace length of the fault was measured on the DEM, and used in a correlation by Wells & Coppersmith (1994) to calculate the magnitude of a Marsquake on the fault. Next, the peak ground acceleration at the slope was estimated by plugging the magnitude and distance between the slope base and fault trace into an empirical formula from Joyner & Boore (1981) . The ground acceleration at a slope caused by an impact was estimated following the methods of Chuang & Greeley (2000) . First, horizontal ground force was determined by equations relating the ground force produced by an impact to crater diameter and distance from the source, in this case, the distance between the slope base and crater edge. Next, horizontal ground acceleration from the impact was calculated by multiplying the ground force by the landslide mass. Landslide mass was computed from the unit weight for the corresponding rock mass (Table 2 ) and landslide volume estimates from Harrison & Grimm (2003) and Quantin et al. (2004a) . The volume of Slide 6 (c.10 km 3 ) was estimated from the DEM. Because the volume estimates are for the entire slide mass, the results are representative of the ground force necessary to cause slope failure in a single episode; landslides that failed in multiple episodes may have been triggered by smaller or more distant impacts. Impact craters more than 200 km away from a landslide were not considered due to limitations in the ground force estimation method (Chuang & Greeley 2000) .
Results
Nearly 140 scenarios were modelled with 'Slide 5.0'. Key results from the slope stability analyses are given in Table 1 . The Ophir Chasma wall rock landslide complex (Slide 1) consists of three distinct landslides that display internal scarps and superposed flows, suggesting multiple failure episodes (Fig. 2a ) (e.g. Barnouin-Jha et al. 2005) . The west and east landslides are nearly equal in height to the adjacent intact slope used in modelling (Table 1 ). The centre landslide was not measured due to uncertainty in the location of the slide toe, but inspection of the DEM suggests a similar height to the west and east landslides (Fig. 1) . Hence, the slope stability model approximates failure for all three landslides. The Ophir Chasma landslide complex required additional triggering mechanisms, given basalt rock mass strengths ( Table 1, Fig. 2b ). Fluid pressures equal to 41% and 69% of overburden pressure were required for the failure of disturbed and undisturbed basalt rock masses, respectively (Table 1) . For the initial slope, an r u value of 0.41 roughly corresponds to a fully saturated rock mass (Table 1) . Alternatively, ground accelerations of 0.19 and 0.67 Mars g resulted in failure of disturbed and undisturbed, dry basalt rock masses, respectively (Table  1, Fig. 2b ). Nearby impact craters could not have generated the required ground accelerations for the individual slide masses, but two normal faults on the plateau surface (Fig. 2a) , or any unidentified fault 1.5 km or longer within 0.5 km of the landslides could have produced the ground shaking (3.7-4.5 m/s 2 and 2.5 m/s 2 , respectively) necessary for the failure of disturbed or undisturbed rock masses (Table 1) .
The Hebes Chasma wall rock landslide complex (Slide 2) has numerous internal scarps indicative of multiple failure episodes or differential movement of the slide mass (Fig. 3a) . Slide 2 overlies ILDs and terminates in the partially evacuated scarp of an ILD landslide (Slide 3) (Fig. 3a) . Given basalt rock mass strengths, Slide 2 required an additional triggering mechanism (Table 1, Fig. 3b ). Artesian fluid pressures equal to 66% and 82% of overburden pressure were required for the failure of disturbed and undisturbed basalt rock masses, respectively (Table 1) . Alternatively, ground accelerations of 0.33 and 0.87 Mars g resulted in failure of disturbed and undisturbed, dry basalt rock masses, respectively (Table  1 , Fig. 3b ). For a disturbed rock mass, the large impact crater on the plateau to the south of Hebes Chasma (Fig.1) , or any unidentified fault 1000 m or longer within 500 m of the landslide could have readily produced the ground shaking (2.7 m/s 2 and 2.3 m/s 2 , respectively) necessary for slope failure (Table 1) . For an undisturbed rock mass, any unidentified fault 3.5 km or longer within 0.5 km of the landslide could have generated the required ground acceleration (3.2 m/s 2 ) ( Table 1 ). The deposit of Slide 3 in the Hebes Chasma ILD has been partially removed and a dark material that may be lava (Ori et al. 2005) has flowed down the scarp (Fig.  3a) . The deposits of Slides 4 and 5 in the ILDs of the Hebes and East Candor Chasmata are largely intact, although fluting on the toes suggests minor wind erosion (Figs. 4a & 5a) . The scarps of Slides 3-5 are fluted (Figs. 3a, 4a & 5a) implying that the bulk of the failed material is erodible by wind, and, hence, probably better represented by the sedimentary, nonwelded tuff, and hyaloclastite strengths than the welded tuff and basalt strengths. Slope stability modelling indicated that Slides 3-5 could have failed under dry, static conditions for the shale, disturbed sandstone, disturbed nonwelded tuff, and welded tuff rock mass strengths (Table 1 ). In addition, the hyaloclastite fracture strength resulted in failure for Slide 4 (Fig. 4b) and nearly resulted failure for Slides 3 (Fig. 3c) and 5 for dry, static conditions (Table  1) . If the ILD rock masses comprising the failed slopes were stronger than the representative strengths, or consisted of hyaloclastite breccia similar in strength to the terrestrial example, water or ground shaking would have been involved in landslide initiation.
Slide 6 in the East Candor Chasma ILD shows a well-defined scarp that steps down through light to intermediate albedo beds (Fig. 6a) . The fluted, fanshaped deposit has numerous knobs or boulders up to c. 200 m in diameter on the deposit surface (Fig. 6a) . Slide 6 could have failed under dry, static conditions for the shale and disturbed welded tuff rock masses only (Table  1) . While simple gravitational failure cannot be ruled out for the above strengths, the results suggest an additional triggering mechanism acted on the slope if strengths are better represented by the sandstone, nonwelded tuff, or hyaloclastite rock masses. Analyses showed that a Marsquake on the trough-bounding normal fault c. 20 km to the north (Fig. 6a) could have generated the ground acceleration (1.1-1.9 m/s 2 ) necessary to cause landsliding with the sandstone, nonwelded tuff, hyaloclastite fracture, disturbed hyaloclastite, and undisturbed welded tuff rock mass strengths (Table 1) . Ground shaking (2.2-4.1 m/s 2 ) produced by the impact crater on the plateau surface c. 75 km northeast of the landslide (Fig. 1) could have caused failure for all viable rock mass strengths (Table 1) . Alternatively, r u values of 0.33-0.92 resulted in failure of the sandstone, nonwelded tuff, hyaloclastite, and undisturbed welded tuff rock masses (Table 1) . These fluid pressure conditions correspond to approximately full saturation for the disturbed sandstone (Fig.  6b) , disturbed nonwelded tuff, hyaloclastite fracture, and undisturbed welded tuff rock mass strengths or artesian pressures for the undisturbed sandstone, undisturbed nonwelded tuff, and hyaloclastite breccia rock mass strengths (Table 1) .
Discussion
Liquid water is not currently stable at the surface of Mars, and calculations indicate that, where present, the cryosphere extends from several hundred metres below the surface to approximately 2 km depth at the Martian equator (Clifford 1993). While ground ice was not specifically modelled in this study, ice-filled fractures tend to increase the shear strength of a rock mass unless the temperature approaches the melting point (Davies et al. 2001) ; thus, excluding ground ice from the slope stability analyses is consistent with the use of minimum rock mass strengths. The fluid pressure analyses account for the scenario of ground ice reaching the melting point under possible, warmer past climates. Under current conditions, slope failures resulting from fluids would necessarily involve confined aquifers beneath the cyrosphere. One problem with this scenario is the location of the wall rock landslides at regional topographic highs on the plateau (Fig. 1) ; recharge could originate from the Tharsis volcanic region to the west, but a low-lying area lies between Tharsis and the landslides (Fig. 1) . However, faults could affect the distribution and pressures of fluids by enhancing alongstrike rock mass permeability, decreasing cross-strike permeability, and inducing fluid pressure changes during slip events. It is not likely that Slide 6 failed as result of fluid pressure under current conditions, as the landslide is shallow and originated near the top of a rise (Fig. 6a) . Volcanism in Valles Marineris is supported by observations (e.g. Lucchitta 1990; Chapman & Tanaka 2001) and a possible volcanic origin for ILDs. It is possible that elevated heat flow from volcanism in the trough system generated additional pore fluids in the wall rock and ILDs by melting the cryosphere.
Evidence for warmer and wetter episodes in Martian history is abundant (e.g. Jakosky & Mellon 2004; Baker 2001; Jakosky & Phillips 2001) . As discussed above, the ILDs were most likely deposited beneath ice sheets or lakes that filled Valles Marineris. However, slope stability modelling indicates that, if fluids triggered Slides 1, 2, and 6, there were no water bodies buttressing the slopes at failure. This is further supported by the superposition of Slides 1 and 2 (Fig. 3a) and most other wall rock landslides on ILDs. Hence, for Slide 1, the fluid pressures required for failure would have been derived from confined aquifers or the rapid and complete drawdown of a surrounding lake. Rapid drawdown is an unlikely failure scenario, as DEM analyses indicate that putative lake surfaces in the Ophir, Candor, and Coprates Chasmata (Fig. 1) could only reach levels of 4300 m, 3050 m, and 3650 m, respectively before breaching into adjacent depressions. These elevations require a very high temporary dam (e.g. ice) to achieve the lake level of c. 3500 m necessary to saturate the Ophir Chasma wall rock and do not allow for the complete, rapid drawdown of a lake in Ophir Chasma. For Slide 2, the fluid pressures necessary for failure could only have been derived from a confined aquifer. If Slide 6 was triggered by fluids during a warmer climate, the fluid pressures could have been derived from aquifers within the ILD or the complete, rapid drawdown of a surrounding lake (Fig. 6b) . Rapid drawdown is consistent with a subglacial (e.g. Skilling 1994; Neuffer et al. 2006) or local ice-dammed lake environment for East Candor Chasma. The topographic limitations discussed above for Ophir Chasma do not apply to Slide 6 because a body of ice in East Candor Chasma could produce an englacial or intraglacial lake with an elevation of c. 300 m necessary to saturate the pre-failure slope; drainage of this relatively small lake could be accommodated by flow into depressions west of the landslide (Fig.  1) . Complete, rapid drawdown produces pore pressures approximately equivalent to a fully saturated rock mass (Walker & Santi 2004; Neuffer et al. 2006) . Near or total saturation of the pre-failure slope for Slide 6 causes failure for the same rock mass strengths that failed under dry conditions for the other three ILD landslides (Slides 3-5) (Table 1) . Additionally, if higher (MOC) resolution images show that the knobs on the deposit of Slide 6 are boulders, the landslide may have been emplaced as an energetic, turbulent, debris flow (e.g. Barnouin-Jha et al. 2005) implying the involvement of water.
A notch eroded in a wall rock spur downhill from the Ophir landslide deposits (Lucchitta 1987) and a steep channel in the ILDs downstream from the Hebes Chasma wall rock landslide deposit (Fig. 3a) are indirect evidence for water in the landslides, although both features could have other origins. Interestingly, the pore pressures necessary for failure of basaltic wall rock in Ophir Chasma are comparable to the pore pressures required for the initiation and runout of the west and east landslides of the Slide 1 complex (Fig. 2a) . Assuming the landslides failed in single episodes, Harrison & Grimm (2003) predicted r u values of 0.49 and 0.35 for the general fluidization rheology which best fit the western and eastern landslide deposits, respectively; this study calculated an r u value of 0.41 (Table 1) for landslide initiation in a disturbed, basalt rock mass. Harrison & Grimm (2003) point out that their required fluid pressures needed to exist only at the base of the landslide; accordingly, ground shaking could have initi- Indeed, while seismic loading and the presence of fluids are not mutually exclusive (Table 1) , this study shows that fluids are not required for the failure of the modelled landslides in Valles Marineris. With numerous, unambiguous signs of recent faulting and impacts in and around the trough system, ground shaking is the most probable triggering agent for landslides in Valles Marineris. In addition, the most critical failure surfaces from the seismic loading models of Slides 1 and 2 more closely matched the actual failure geometries as they involved the entire slope height with no user-imposed limits on scarp and toe location (Figs. 2b & 3b) . On the other hand, the fluid pressure models of Slides 1 and 2 required artificial limits on slip surface location to incorporate the entire slope height in the most critical failure surface. Furthermore, in addition to the abovementioned difficulty of generating artesian pressures at a regional topographic high, there is no evidence for fluid breakout on the scarps of Slides 1, 2, and 6: failure of a slope due to artesian pressures would probably result in the massive release of fluids onto the landslide scarp and deposit. Hence, while a fluid pressure triggering mechanism cannot be ruled out, Slides 1 and 2 most likely failed as a result of fault-generated ground acceleration.
Slide 1 is among the highest and steepest wall rock failures in Valles Marineris while Slide 2 is roughly average in terms of initial slope dimensions (Table 1 ) (Harrison & Grimm 2003; Quantin et al. 2004a ); as such, most wall rock landslides in Valles Marineris required triggering mechanisms and are not simple gravitational failures. Seismic loading is the most probable triggering mechanism for wall rock landslides, but fluid pressure cannot be ruled out, especially in regions of lower elevation where confined aquifers may be or may have been present. The four modelled ILD landslides represent a wide range of slope heights and angles (Table 1) . None of the modelled ILD landslides required forces other than gravity to fail for minimum rock mass strengths, but triggering by fluids or ground shaking remains viable if rock masses were stronger than modelled. The landslide with the lowest slope angle (Slide 6) was most likely triggered by fluid pressure or seismic loading. Evidence of a specific triggering condition is needed to definitively state the failure mechanism for landslides in wall rock and ILDs. For example, a channel originating from a landslide scarp would strongly suggest failure due to artesian fluid pressures. Failure mechanisms may be further constrained by more accurately estimating material strengths: a consensus on the origin and lithology of the ILDs would narrow possible strengths; strength estimates for the ILDs and wall rock could be improved by higher resolution visible and spectral data to quantify fracture spacing and geometry, rock mass alteration, and lithological characteristics.
Conclusions
Landslides in the wall rock and ILDs of Valles Marineris, Mars were modelled using limit-equilibrium slope stability analysis to evaluate the mechanisms of slope failure. Eleven landslides, including eight circular failures, were mapped in the ILDs. Wall rock landslide complexes in the Ophir and Hebes Chasmata required artesian fluid pressures of at least 41% of overburden pressure or ground accelerations of at least 0.19 Mars g for failure. Agreement between modelled and observed failure surface geometries and the difficulty of generating artesian pressures at a regional topographic high indicate that ground shaking from Marsquakes or impacts most likely triggered the modelled wall rock landslides. Triggering mechanisms, such as ground acceleration or fluid pressure, were also necessary for most other landslides in Valles Marineris wall rock. Given minimum rock mass strengths, ILD landslides in the Hebes and East Candor Chasmata did not require triggering mechanisms; thus, landslides in ILDs may be a result of gravitational, fluid, or seismic loading.
